The artificial bilayer single-channel recording technique is commonly used to observe detailed pharmacological properties of various ion channel proteins. It permits easy control of the solution and membrane lipid composition, and is also compatible with pharmacological screening devices. However, its use is limited due to low measurement efficiency. Here, we develop a novel artificial bilayer single-channel recording technique in which bilayers are made and channels are reconstituted into the membranes by contacting a gold electrode to the lipid-solution interface. Using this technique, we measured the single-channel currents of two channel-forming peptides, gramicidin and alamethicin, and a channelforming protein, α-hemolysin. This technique requires only one action, allowing the technique to potentially be combined with high-throughput screening devices.
Introduction
Ion channel proteins are membrane proteins that play important roles in various cell functions by regulating ion permeability in response to stimuli, such as ligand bindings or membrane voltage changes. Defective ion channels are attributed to various diseases, which is why ion channel proteins are important drug targets. 1 For example, genetic mutations are found in common channel-related diseases such as cystic fibrosis and long QT syndrome. These diseases are attributed to mutations in the anion channel CFTR 2 and mutations in the voltage-dependent potassium channel, 3 respectively. In general, there is an urgent need to develop high-throughput screening devices for drug discovery for ion channel diseases.
Artificial bilayer single-channel recording is a popular technique for the physiological characterization of ion channels. However, while compatible with high-throughput sensor devices for pharmacological screening, the technique is limited to the laboratory due to low measurement efficiency. 4 Furthermore, it takes much time to make an artificial bilayer. We sought to skip this time-consuming process and use a ready-made bilayer in order to increase the efficiency of the entire measurement procedure. For this purpose, durable bilayers have been attempted by supporting or encapsulating the bilayers with various substrates, such as solids and hydrogels. 5, 6 Overall, however, it has been extremely difficult to achieve durable bilayers for use outside of the laboratory.
A simpler technique for fast bilayer formation would reduce the need for bilayers with high durability and long lifetime if non-experts could make the bilayers quickly on site. Several methods have been proposed for the easy, rapid and repeatable formation of artificial lipid bilayers. One example is the dropletcontacting method. Takeuchi and his colleagues showed in their pioneering work that they could quickly make artificial bilayers at the droplet-droplet interface in a lipid solution and measured single-channel currents. 7 Furthermore, they designed a complementary automated parallel single-channel recording apparatus for drug screening. 8 Other groups have reported that artificial bilayers can be made in droplet-aqueous solutions, 9 droplet-agarose gels 10 or agarose-agarose gel interfaces 11 for multi-channel and automated recording systems.
Here, we report a novel technique for forming artificial bilayers. The bilayers are made at the tip of a fine gold electrode. This technique is based on our previous reports that describe the formation of bilayers at a gel surface 11 and the incorporation of ion channels immobilized on a gel 13 or solid substrate.
14 The present technique makes it possible to significantly increase the measurement efficiency, effectively making the bilayers into single-molecule sensors. The technique also allows for a single-channel recording system of multiple channels because of its simplicity. 
Experimental

Materials
Gramicidin A and α-hemolysin were purchased from SigmaAldrich, and alamethicin from Nacalai Tesque (Japan). These were used without further purification. All other chemicals were of analytical grade and commercially available.
Electrochemical etching of the gold electrode
The tip of a 0.25-mm diameter gold wire (AU-171285, Nilaco Corp, Japan) was sharpened using electrochemical etching following a previously reported method 15 with some modification. The counter-electrode was a 2-mm diameter carbon rod, and the electrolyte was comprised of 20 -50% saturated calcium chloride in distilled water. A function generator (FG-273A, Kenwood, Japan) was used to control the input voltage magnitude and frequency. The generator also had a DC offset control, which allowed the gold wire to always serve as the anode during etching. To electrochemically etch the tip, the gold wire was vertically immersed into the electrolyte solution. By applying a potential between the wire and the counter-electrode, the gold wire was etched to form a sharp tip (Fig. 1A) . The etching proceeded as the meniscus formed around the wire until the current reached zero. Typical voltages were VAC 12 Vp-p at 58 Hz with a DC offset, VDC, of 9.5 V. Images of the etched gold electrode were taken by scanning electron microscopy (VE-8800S, Keyence, Japan).
PEG modification
Polyethylene glycol (PEG) modifications on the surface of the gold electrode were made by the formation of self-assembled thiol-PEG monolayers. 16 After ozone ashing in an ozone cleaner (UV253, Filgen, Aichi, Japan) for 1 h, the tip of the gold electrode was immersed in ethanol with 2 mM thiol-PEG for at least 1 h at room temperature and rinsed with ethanol and deionized water. Thiol-dPEG4-acid (Mw 282.35, Quanta BioDesign, Powell, US) was used to form the lipid bilayer and measure gramicidin, alamethicin and α-hemolysin channel currents.
Bilayer formation
A cut polystyrene tube (internal diameter, 6 mm) glued to the coverglass as a bottom plate was used as the bath chamber to measure the channel currents. An aqueous recording solution (250 μl) was poured into the bath chamber. A lipid solution was prepared by dissolving 1,2-diphytanoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster, US) in n-decane to 20 mg/ml and then approximately 100 μl of the lipid solution was layered over the recording solution layer. For the bilayer formation, it is only required that the recording solution is covered with the lipid solution. It is not needed to precisely control the amount of lipid solution.
Bilayers were made by moving the gold electrode through the lipid solution layer into the recording solution. The depth the tip was dipped into the solution was usually 10 μm -1 mm. Precise determination of the depth was not necessary because we confirmed that coarse dipping using a coarse positioning manipulator (MMN-1, Narishige, Japan) was sufficient for bilayer formation. The experimental setup is shown in Fig. S1 (Supporting Information).
Channel incorporation
Gramicidin, alamethicin and α-hemolysin channels were spontaneously formed by adding them to the recording solution at concentrations of 0.1, 10 and 10 nM before bilayer formation, respectively. Gramicidin and alamethicin were dissolved in methanol and α-hemolysin in the recording solution at an appropriate concentration just before use.
Ionic current recordings
Ion currents across bilayer membranes were measured with a patch clamp amplifier (CEZ2400, NihonKohden, Tokyo, Japan). Channel currents were filtered at 1 or 2 kHz, digitized with Digidata 1440 (Molecular Devices, Sunnyvale, US) and sampled at 20 kHz using pCLAMP 10 software (Molecular Devices). Data to analyze the I -V relation were digitally off-line filtered with a 100 -500 Hz low-pass Gaussian filter using Clampfit 10 software (Molecular Devices). The gold electrode was held at virtual ground, so voltage at the recording solution connected to a patch clamp amplifier defined membrane potential. For the bath electrode, a gold wire with the same diameter as the ground electrode was used. The bath solution consisted of 20 mM HEPES-NaOH (pH 7.2) and 200 mM KCl for the gramicidin, α-hemolysin and alamethicin channels. Because the singlechannel currents were small, the polarization effects of the electrodes were corrected by removing voltage offsets with the amplifier.
Results and Discussion
The tip of the fine gold electrode used for bilayer formation is shown in Fig. 1A . Figure 1B illustrates how to make the bilayer at the tip. The fine gold electrode is modified with PEG and plunged into an aqueous solution through a phospholipid solution layer. The electrode tip is dipped into the aqueous recording solution just before the bilayer-forming procedure, making a thin aqueous solution layer on the surface of the electrode. Thus, a lipid monolayer that points the hydrophobic alkyl chains of the lipids outward is formed on the electrode surface. A lipid bilayer is formed at the tip by contacting this lipid monolayer and another monolayer formed at the interface between the phospholipid solution and the aqueous recording solution. The electrode is moved downward until the two monolayers make contact after the organic solvent between them is removed. The removal of organic solvent is common to any planar bilayer formation technique, including the painting, 17 folding, 18 and droplet contacting 7 techniques, in which the removal occurs spontaneously but takes much time (>min). However, in our technique, the organic solvent between the two monolayers is forced out mechanically and promptly (<1 s), leading to much faster bilayer production. The resulting membranes had very high resistance (>10GΩ) and showed no channel like current fluctuations (Fig. S2, Supporting  Information) . Figure 2 shows repeated bilayer formations by plunging the gold electrode into a phospholipid solution. The trace was recorded by moving the gold electrode up and down in the solution. As the electrode moved downward, the current did not increase stepwise until just after the electrode tip reached the interface between the lipid and aqueous solutions, which marks the formation of the bilayer membrane and incorporation of gramicidin ( ). On the other hand, when the electrode was moved upward, the current jumped back to zero ( ), indicating the membrane became thick with phospholipids and organic solvent flowed into the space between the two lipid monolayers. Gramicidin was incorporated into the bilayers simply by being added to the recording solution. It is known that for gramicidin channels to show activity, gramicidin must form a tandem dimer in the membrane. 19 In addition, gramicidin channel activity indicates removal of the organic solvent and the formation of a sufficiently thin membrane. Figure 2 further demonstrates that we can quickly repeat current measurements using the single electrode. This ability increases the throughput of pharmacological measurements. In conventional methods, we must take extreme care not to rupture the bilayer because it is very fragile. For example, perfusion often results in a ruptured bilayer membrane, thus requiring the measurement to be recommenced. This takes from several minutes to several tens of minutes for current measurement, compromising measurement efficiency. With the present technique, however, we can resume ionic current measurement using the same electrode within a few seconds, saving much time and labor.
We successfully measured ion channel properties using the bilayers formed at the electrode tip. Figure 3 shows singlechannel current analysis of a gramicidin channel. As expected, the current across the bilayer fluctuated very slowly (Fig. 3A) . A histogram of the currents (Fig. 3B) shows four peaks at equal intervals, indicating three identical channels were incorporated into the bilayer. The single channel conductance of the gramicidin channel was 19.1 ± 0.1 pS (Fig. 3C) , which agrees well with the value determined by conventional planar bilayer techniques. 20 We also measured the properties of single peptide alamethicin and the hemolytic protein α-hemolysin channels (Fig. 4) . The single channel conductance and voltage dependency determined from these current records also agreed with those measured by conventional techniques. [21] [22] [23] Gold is easily fabricated to fine shapes and modified by the formation of self-assembled monolayers using thiol-derivatives. On the other hand, potential differences between gold electrodes are easily induced by ion charging across the membrane. Especially in the small reservoir case, the ion concentration is easily condensed and the effects of charging ions are nonnegligible. In this study, the reservoir of the reference electrode side, which is formed by the PEG layer, is much smaller than that of the bath chamber. To overcome this problem, we corrected the difference in potential between the electrodes by removing the voltage offset manually with the amplifier. If an effect of the charging ions remains, the I -V relation should deviate from linear. However, Fig. 3C shows that the I -V relation for the gramicidin channel was undisturbed, indicating that the correction made any charging ion effect negligible.
The bilayer forming technique described in this paper is very simple and does not require precise positioning of an electrode. Therefore, we investigated whether it could be used for multiple channel recordings simultaneously.
We manipulated the electrodes manually with a coarse manipulator, but even though we could not precisely determine the depth of the electrode, we could always measure channel currents. This result demonstrates that precise positioning of the electrode tip is not necessary for current measurements. As explained in the Experimental section, depth of the electrode tip insertion into the aqueous solution ranged from 10 μm to 1 mm. This depth enables us to conduct simultaneous multi-channel recordings by the coarse manipulation of multiple electrodes. Figure 5 shows gramicidin currents measured with two separate electrodes, both of which were fixed to the same manipulator and manipulated together. This result demonstrates that our technique can be modified into a multi-channel measurement apparatus.
Single-channel current recordings using artificial bilayers suffer from fragile membranes, which reduce the measurement efficiency. Many attempts have been made to reinforce artificial bilayers, 5, 6 but these reinforced bilayers show decreased channel incorporation rates because they reduce the contact probability between the channels and the artificial bilayers. In the present study, we describe a technique in which solubilized channel forming peptides or proteins are easily incorporated into the lipid bilayer at approximately the same time the bilayer is formed at the tip of a gold electrode that contacts an aqueous-oil interface (Fig. 2) . This technique eliminates the need for durable long-life bilayers because current measurements can be completed in a short period of time.
Conclusions
Here we describe a novel technique for producing artificial bilayers at the tip of a fine gold electrode and measuring ion channel currents that overcomes the low measurement efficiency common to artificial bilayer techniques. Our novel technique allows for the incorporation of ion channels while the bilayer is being formed. Using a number of model channels, we show that the observed channel properties are consistent with standard methods. The simplicity and properties of our method give it promise as a single-molecule sensor and compatibility with a multi-channel recording system. Fig. 3 (right) . The membrane potential was held at +130 mV. The current traces were recorded in a solution consisting of 200 mM KCl and 20 mM HEPES-NaOH (pH 7.2). The record was filtered at 500 Hz. 
